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The ruminal cellulolytic bacterium Ruminococcus flavefaciens FD-1 was grown in cellulose-fed continuous
culture with 20 different combinations of pH and dilution rate (D); the combinations were selected according
to the physiological pH range of the organism (6.0 to 7.1) and growth rate of the organism on cellulose (0.017
to 0.10 h-1). A response surface analysis was used to characterize the effects of pH and D on the extent of
cellulose consumption, growth yield, soluble sugar concentration, and yields of fermentation products. The
response surfaces indicate that pH and D coordinately affect cellulose digestion and growth yield in this
organism. As expected, the net cellulose consumption increased with increasing D while the fraction of added
cellulose that was utilized decreased with increasing D. The effect of changes in pH within the physiological
range on cellulose consumption was smaller than that of changes in D. Cellulose degradation was less sensitive
to low pH than to high pH. At low Ds (longer retention times), cellulose degradation did not follow first-order
kinetics. This decreased rate of cellulose digestion was not due to poor mixing, limitation by other medium
components, or preferential utilization of the more amorphous fraction of the cellulose. The cell yield increased
from 0.13 to 0.18 mg of cells per mg of cellulose with increasing Ds from 0.02 to 0.06 h-1 and decreased when
the pH was shifted from the optimum of 6.5 to 6.8. The effect of pH on cell yield increased with increasing D.
The reduced cell yield at low pH appears to be due to both an increase in maintenance energy requirements and
a decrease in true growth yield.

Microbial fermentation in the rumen is an essential pro-

cess in the conversion of feed materials to the volatile fatty
acids and microbial cell protein that are used by the ruminant
animal for growth and milk production. The ruminal habitat
is characterized by a flux of its contents and by a variety of
growth rates and metabolic activities of individual microbial
species under environmental conditions that vary over time.
Among the more than 60 species of ruminal bacteria (18),
four predominant cellulolytic species play an important role
in digesting plant fibers, which compose the bulk of the diet
of forage-fed ruminants. Of the many environmental factors
affecting the cellulolytic process, rumen pH and dilution rate
(D) are two of the most important (2, 3, 5, 6).
Numerous studies have suggested that the metabolism and

survival of cellulolytic bacteria are strongly dependent on

rumen pH. The optimum pH for growth of the most impor-
tant species of ruminal cellulolytic bacteria is -6.5 (30).
Studies with individual species of ruminal cellulolytic bacte-
ria have indicated that most have very narrow pH ranges for
growth (26). Similarly, both the rate and extent of cellulose
degradation by mixed ruminal microflora or pure cultures of
ruminal cellulolytic bacteria have been reported to be inhib-
ited at pHs of <6.3 (8, 29). Reduced cellulose digestion may
be due to the reduced prevalence (25) or activity (8) of
cellulolytic species.

Continuous culture studies with both pure and mixed
cultures of ruminal bacteria have revealed that D is posi-
tively related to the efficiency of microbial growth (9, 12, 28).
Although the dilution rate in the animal (i.e., the rate of
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passage) can be increased by cooling the animal or increas-
ing the intake of certain salts, this often causes an increased
rumen pH and a decrease in dry matter digestibility (13, 17).
Hoover et al. (9) evaluated the independent effect of and

relationship between liquid D and pH on the growth yield
and fermentation patterns of mixed ruminal microflora in
continuous cultures at four different pHs (4.5, 5.5, 6.5, and
7.5) for each of four different dilution rates (0.04, 0.08, 0.12,
and 0.16 h '). However, many of these pH and D combina-
tions are beyond the reported pH tolerance range of ruminal
cellulolytic bacteria and the dilution rate of ruminal con-

tents. It is not clear how the cellulolytic process and micro-
bial growth are affected by pH and D combinations within
the physiological growth range of individual cellulolytic
species.
The recent development of continuous-culture devices for

growth of microorganisms on insoluble substrates (14, 19,
32) has afforded an opportunity to obtain quantitative data
on the fermentation of specific fiber components. In this
report we use one such device, combined with response
surface analysis of the data, to evaluate the effects of pH and
D on cultures of Ruminococcus flavefaciens, a predominant
ruminal cellulolytic bacterium. The response surfaces pro-
vide quantitative information on how cellulose consumption,
growth yield, and product formation by this organism are

affected by simultaneQus changes in its normal physiological
range of pH and possible rumen dilution rates.

MATERUILS AND METHODS

Organism and growth medium. R. flavefaciens FD-1 was

grown in a modified Dehority medium (27). The modifica-
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tions included (i) removal of casein hydrolysate and cellobi-
ose, (ii) addition of clarified rumen fluid (2.5%, vol/vol); and
(iii) addition of 4.8 g of Sigmacell 20 microcrystalline cellu-
lose (sieved to particle size of <45 ,um; Sigma, St. Louis,
Mo.) per liter of medium.

Continuous culture. The continuous culture system de-
scribed previously (32) was modified by including a pH
control system. All experiments were performed in a 940-
ml-working-volume fermentor at 39°C. The pH was main-
tained by automatic addition of 2 N H2SO4 or 2 N NaOH via
a Cole-Parmer model 5652 pH controller. The medium slurry
in the reservoir was homogenized by stirring and diffusive
gas sparging with CO2 and was delivered to the culture
vessel by CO2 segmentation with a peristaltic pump. Micro-
bial contamination was monitored regularly by microscopic
observation. Washout points were defined as the D and pH
combinations at which steady-state conditions could not be
achieved. A washout was detectable by a dramatic increase
in reactor cellulose concentration and by microscopic exam-

ination, which revealed that attachment of cells to cellulose
particles decreased to near zero.

Analyses. All samples were taken at 6- to 20-h intervals.
For each combination of pH and D tested, the data were

averaged from 5 to 13 samples collected over a 2- to 7-day
period at the system steady state, when the residual cellulose
concentration and cell yield were basically constant. Under
these conditions, the microbial growth rate (,u) was equal to
D (23). The cellulose concentration in the reactor or medium
reservoir was determined from -20-ml samples (weighed to
0.001 g) by a modified neutral detergent method (31). Paired
1.5-ml samples were microcentrifuged for 5 min at 12,000 x
g to prepare culture supernatants. The soluble and reducing
sugars in supernatants were measured by the anthrone (15)
and dinitrosalicylic acid (16) methods, respectively. Fermen-
tation acids in culture supernatants were analyzed by high-
performance liquid chromatography as described previously
(32). The three major fermentation acids were separated at
retention times of 10.7 min (succinic acid), 12.3 min (formic
acid), and 13.3 min (acetic acid) and were well resolved from
lactic acid (11.8 min), which was not produced.
The cell mass was estimated from the nitrogen content of

cell pellets, which was measured with a Carlo Erba NA1500
nitrogen analyzer (32). Molar cell yields were calculated by
assuming that the biomass formula for the organic compo-
nent of the biomass was C5H702N and that cells contained
90% organic material (19). To confirm the validity of this
formula for this organism, strain FD-1 was grown in tripli-
cate batch cultures on cellobiose. The cell pellets were

washed twice with deionized water and dried overnight at
105°C. The average measured carbon/nitrogen ratio of these
dried samples was 5.01 + 0.12.
Recovery of cellulose for crystallinity measurements was

complicated by the strong adherence of cells to cellulose and
by the necessity of keeping the cellulose wet enough to
prevent recrystallization. A 540-ml effluent (from a culture
operated at a D of 0.019 h-' at pH 6.59) was amended with
10.9 ml of 5% methylcellulose (15 cP) and stirred overnight
at 6°C. The suspension was centrifuged at 400 x g for 10
min, the pellet was respended to the original volume with
distilled water, and the suspension was centrifuged again.
The resulting pellet was resuspended in deionized water and
vacuum filtered through a 3-p.m-pore-size polycarbonate
membrane with small water washings. The wet cake was

resuspended in -15 ml of deionized water, dispensed into 12
microcentrifuge tubes, and then pulse-centrifuged for 3 s.

Pellets were washed six times with 1 ml of deionized water.

The final combined pellet was resuspended in 30 ml of
deionized water. The resulting cellulose slurry was stirred
vigorously while 1,500-,ul aliquots were transferred to 16
Pyrex tubes (18 by 150 mm). The relative crystallinity index
was determined from the kinetics of hydrolysis of this
cellulose in hot 6 N HCI. HCl (1,490 ,ul of a 12.1 N solution)
was added to each tube. The tubes were sealed with plastic
caps and placed in a boiling-water bath. Residual cellulose
was determined gravimetrically for a series of hydrolysis
time points within the range of 0 to 6.2 h after vacuum
filtration through 25-mm 3-,um-pore-size polycarbonate mem-
branes and drying at 105°C (33). Since R. flavefaciens was not
completely detached by the methylcellulose treatment and the
cellulose slurry used to measure the relative crystallinity
index still contained a significant population of attached cells,
a correction was included for microbial cell mass in the
remaining material (0.32 to 3.83%, determined by nitrogen
analysis as described above). The natural logarithm of the
corrected percent cellulose remaining was plotted versus time
within the range of 2 to 6.2 h; this plot directly yields the
relative crystallinity index (anti-In ofy intercept at time zero).
The data were compared to those obtained for the original
SC20 substrate hydrolyzed in an identical manner.

Statistical model. A response surface analysis (1) was used
to examine the influence of pH and dilution rate on the
following fermentation parameters: fractional cellulose con-
sumption (i.e., the proportion of added cellulose that was
consumed); cell yield; soluble sugar concentration; molar
yields of acetate, succinate, and formate; and the ratio of
products (e.g., the molar ratio of acetate to acetate plus
succinate). The region of study was a pH range of 5.8 to 7.1
and a D range of 0.017 to 0.12 h-1. Regression equations
were calculated from the observed data of 20 steady-state
continuous-culture experiments by using a modification of
the model of Farrand et al. (4), parameter = a + OD + yP +
BD2 + p2 + ,DP + nD2P + ODP2 + , where a, ..... ,
o are regression coefficients, D is the dilution rate (per hour),
P is the pH, and X is a random error. By using the General
Linear Model of the SAS program (26a), the above equation
was fitted to the observed data to produce the predictive
equations. The simultaneous effects of D and pH on each
fermentation parameter were visualized by using the CON-
TOUR subroutine to generate the response surfaces within
the D range of 0.015 to 0.06 h-1 (the normal range of rumen
D values) and within the pH range of 6.0 to 7.0 (the
approximate growth range of the bacterium).

RESULTS

Growth range of the organism. Figure 1 shows the domains
ofD and pH in which steady-state growth was obtained for
R. flavefaciens FD-1 with microcrystalline cellulose as the
energy source. Within the normal range of rumen dilution
rate (0.015 to 0.06 h-1), steady-state growth was obtained
within the pH range of 6.0 to 7.1. At pH values of -6.5,
growth was obtained at D values as high as 0.10 h-1.
Microscopic examination of cultures revealed that cellulose
colonization by bacterial cells was essentially complete at
the steady state in all runs within the D range of 0.015 to 0.06
h-1. Unattached cells were present at higher density under
conditions of low D.

Cellulose consumption. Figure 2A and Table 1 show the
interaction between pH and D on the percentage of cellulose
consumption. The statistical model gave excellent fit of the
observed data (P < 0.001, r2 = 0.836; i.e., 84% of the
variation in cellulose consumption was due to pH and D
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FIG. 1. Summary of the combinations of D and pH used for continuous-culture experiments. Numbers correspond to the individual runs

in Table 1. The stippled region approximates the D and pH combinations with which steady-state growth was not obtained. The box enclosed
by the dashed lines represent the pH-D domains included within the contour maps in Fig. 2.

alone). The highest percentage of cellulose consumption was
obtained and also predicted at a lower D (s0.03 h'-) and an

intermediate pH (ca. 6.2 to 6.7). Although the total range in
fractional cellulose consumption was relatively small (0.68 to
0.80), it is clear that more complete consumption of added
cellulose occurred at lower Ds (longer retention times).
Data from steady-state runs within the optimal pH range

showed a nearly linear increase in the total amount of
cellulose consumed as D increased (Fig. 3A), whereas the
total amount of cellulose consumed showed little change
with changing pH at a D of 0.02 or 0.06 h-1 (Fig. 3B). The
results suggest that the total amount of cellulose consump-

tion was affected by D much more strongly than by pH.
These data for R. flavefaciens are in accord with those of
Hoover et al. (9), who reported that increased D has a major

effect on increasing fiber digestion by mixed ruminal micro-
flora at the more physiological pH levels.
Using the formula derived from the statistical model and

its calculated coefficients (Table 2), we calculated a series of
predicted values of fractional cellulose consumption at rea-

sonable selected combinations of pH and D. For these
calculations, the concentration of cellulose in the reservoir
(CO) was set to 4,800 mg/liter, and the predicted cellulose
concentration in the reactor (C) was calculated as C0 - [CO
x (predicted fractional cellulose consumption)]. Plots of
these predicted CJC values versus retention time (1D) were
nonlinear (Fig. 4), suggesting that cellulose digestion does
not follow first-order kinetics with respect to cellulose at low
D. The relationship between CJC and tR for a given pH was

well described by a second-order polynomial equation (Ta-
ble 3). Cellulose digestion at aD of 0.019 h-1 at pH 6.59 was
not improved by doubling the concentration of ruminal fluid
in the culture medium.

Cellulose crystallinity measurements showed that the rel-
ative crystallinity index of reactor cellulose (D = 0.019, pH
6.59) was 89.5, compared with 86.2 for the original SC20
substrate, indicating that residual cellulose was only slightly
enriched in its crystalline content during the fermentation,
even at long retention times.

Cell growth yield. The observed cell yield data fit the
statistical model very well (P < 0.001, r2 = 0.814). Maximum
cell yield was observed and predicted at high Ds and within
a pH range of 6.5 to 6.8 (Fig. 2B and 5). Both pH and D had
strong effects on the cell yield. However, the steep cell yield
contours at high Ds and low pHs (Fig. 2B) suggested that the
effect of pH on cell yield increased with increasing D.
Using the formula derived from the statistical model and

its calculated coefficients, we calculated predicted cell yield
values at various combinations of pH and D. By calculating
Y at a constant pH for a series of different D values, we

generated a Pirt plot (1/Y versus 1D), the slope of which
equals the maintenance coefficient m and the y intercept of
which equals l/Yg (Yg is the true growth yield) (Table 3) (23).
Repetition of this process for other pH values revealed that
both the maintenance requirement (0.063 g of cellulose per

mg of cell per h) and true growth yield (0.30 mg of cells per

g of cellulose consumed) are basically constant within the
observed optimum pH for growth (6.4 to 6.6). Both the true
growth yield and the predicted cell yield decreased when the
pH shifted from this optimum range. However, Pirt plots
were nonlinear at pHs of .6.8.

Residual soluble sugar. The response surfaces for soluble
sugar concentration are shown in Fig. 2C. Since the concen-
trations of soluble sugar at all combinations of pH and D
were relatively low (<0.5 mM), the total changes were quite
small. Furthermore, the statistical model did not fit the
residual sugar concentration data (P < 0.10, r2 = 0.570) as

well as it fit the cellulose consumption and cell yield data.
Like fractional cellulose consumption values, soluble sugar
concentrations were higher at low Ds. Parallel assays with
the dinitrosalicylic acid reagent (for reducing sugars; data
not shown) and the anthrone reagent (for soluble sugars)
gave similar results, suggesting that almost all of the soluble
sugar is glucose (i.e., cellobiose and higher cellodextrins are

present only at very low concentrations). The increased
sugar concentration at low Ds precluded estimation of the Ks
for the soluble sugars and is in accord with similar observa-
tions for Ruminococcus albus (19).
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:.:~~~~~~~~~~~~~~~. o.':. .: .-:...,::
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FIG. 2. Response surfaces for the R. flavefaciens fermentation in cellulose-fed continuous culture. (A) Fraction of added cellulose

consumed. (B) Cell yield (grams of cells per gram of cellulose consumed). (C) Residual soluble sugar concentration (millimolar). (D) Acetate
yield (moles of acetate produced per mole of anhydroglucose consumed). See Table 2 for statistical parameters and the text for a discussion
of goodness of fit.

Fermentation product yields and ratios. Fermentation
products included acetic, formic, and succinic acids but not
ethanol, lactic acid, or C3 to C6 volatile fatty acids. Hydro-
gen was probably produced (32), but it was not quantitated.

Acetate was the most predominant fermentation product
with all of the combinations of pH and D tested. The
predicted equation for acetate yield gave only a moderate fit
to the observed data (P < 0.04, r2 = 0.641). A change in
acetate yield from 0.65 to 0.90 mol/mol of anhydroglucose
with varied pH and D combinations is shown in Fig. 2D.
More acetate was produced at lower D and pH values,
roughly parallel to the fractional cellulose consumption and
soluble sugar concentration. Little change in the acetate
yield was observed with changing pH at a D of <0.03 h-1;
however, the effect of pH on acetate yield clearly increased
with increasing D.

Succinate and formate, the other major products, together
accounted for 55 to 70 mol% of the total acid produced. The
amount of succinate was higher than that of formate under
most experimental conditions. The statistical model did not
successfully predict the molar yield of succinate (P < 0.62, 2
= 0.311) or formate (P < 0.26, r2 = 0.464), suggesting that

these yields are primarily dependent on factors other than
pH and D alone.

DISCUSSION

In general, the concentrations of soluble sugars were low
at all values of pH and D, suggesting that cellulose depoly-
merization to soluble oligosaccharides is the rate-limiting
step in cellulose fermentation, as has been reported for R.
albus (19). The accumulation of 0.1 to 0.5 mM glucose but
very little cellobiose at all experimental conditions is in
agreement with the reported inability of this strain to grow
on glucose and its relatively high affinity for cellobiose (7).

It was quite surprising that plots of predicted C/C versus
retention time (Fig. 4) revealed a departure from first-order
kinetics for cellulose consumption at low Ds. This deviation
is not due to inaccurate prediction by the statistical model,
because a plot of observed CJC values versus tR from runs
at similar pH values (runs 4, 9, 12, 16, 21, and 23) was also
nonlinear. Since tR and Co are independent variables, the
departure must be due to a high value for C, perhaps
resulting from (i) poor mixing, (ii) differential rates of hydrol-
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FIG. 3. Observed volumetric rates of cellulose consumption in
cellulose-limited chemostats of R. flavefaciens FD-1. (A) Effect ofD
at pHs near the optimum (6.38 through 6.59) for cellulose consump-
tion (runs 4, 9, 12, 16, 21, and 23). (B) Effect of pH at two different
dilution rates: 0, -0.02 h-1 (runs 2, 3, 4, 5, and 7); *, -0.06 h-
(runs 14, 15, 16, 18, and 19).

ysis of amorphous and crystalline components of cellulose,
(iii) limitation for nutrients in the medium other than cellu-
lose, or (iv) changes in regulation of energy metabolism at
low growth rates.
Poor mixing would cause a continuous artificial elevation

of C. This possibility can be excluded, since (i) steady-state
values of C were readily obtained (i.e., cellulose did not
accumulate in the reactor), (ii) the measured values of C in
the reactor and effluent were essentially identical, and (iii)
the yield of soluble fermentation products (which migrate
with the fluid phase) per unit of cellulose (which migrates
with the solid phase) consumed was independent of tR.
The relative crystallinity index of reactor cellulose (cul-
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tion time (lID).

tured at a longer tR and the optimum pH) and reservoir
cellulose were similar, suggesting that the amorphous and
crystalline components were degraded at similar rates and
that the decrease in the cellulose digestion rate at long tRs is
not due to an accumulation of a more slowly hydrolyzed
form of cellulose.

TABLE 2. Regression coefficients and statistical summary for parameters of the cellulose-limited fermentation of R. flavefaciens FD-la

Fraction of Cell yield Yield (mmol) of: Soluble sugar Ratiob
Coefficient cellulose yield YolulsmM_

consumed (mg/liter/h) Acetate Succinate Formate concn (mM) a/a+s s/s+f

(x -20.288 0.479 14.941 -14.098 -23.547 -3.431 12.146 11.253
c 300.805 -94.541 -804.942 217.619 378.108 -629.507 -384.046 -188.597
'y -6.485 -0.241 -3.708 5.422 8.088 1.614 -3.712 -3.317
a -681.425 -798.895 2021.465 3985.015 1857.217 1131.180 -988.881 779.409
e -0.498 0.028 0.241 -0.480 -0.678 -0.154 0.297 0.261

-86.140 38.231 215.990 -120.300 -144.820 171.920 129.454 50.510
101.864 119.600 -299.396 -599.940 -290.995 -157.509 150.228 -111.822

0 6.113 -3.570 -14.375 13.075 13.435 -11.798 -10.787 -3.459

rl-l 0.836 0.814 0.641 0.312 0.467 0.570 0.428 0.589
P 0.001 0.001 0.043 0.618 0.255 0.102 0.336 0.082

a See the text for model equation.
b a/a+s, acetate/(acetate + succinate) ratio; s/s+f, succinate/(succinate + formate) ratio.
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TABLE 3. Predicted CJC, true growth yields, and maintenance coefficients at various pH values

pH CJC polynomial formulaa r2a g mb 2b

6.00 1.1891 + 0.1069tR - 0.00133tR2 0.964 0.268 0.070 1.000
6.20 0.8840 + 0.1772tR - 0.00201tR2 0.989 0.279 0.064 0.999
6.40 0.9976 + 0.1683tR - 0.00175tR2 0.996 0.297 0.063 0.992
6.60 1.5837 + 0.1189tR - 0.00114 tR2 0.998 0.301 0.063 0.960
6.80 2.3067 + 0.0537 tR - 0.00046tR2 0.999 0.278 0.059 0.893
7.00 2.8661 + 0.0049 tR + 0.00014tR2 0.946 0.234 0.051 0.737

a Polynomial equations were calculated from data of predicted CJC. r2, regression coefficient.
b Yg iS the predicted true growth yield (grams of cells per gram of cellulose consumed), and m is the predicted maintenance coefficient (grams of cellulose

consumed per hour per gram of cells). The data were calculated from Pirt plots obtained by solving the predicted growth yield equation (see the text and Table
2) at the indicated pHs and at dilution rates of 0.060, 0.050, 0.033, 0.025, 0.020, and 0.017 h-1 (equivalent to retention times of 16.67, 20, 30, 40, 50, and 60 h,
respectively). r2, linear regression coefficient.

The plots of C0/C versus tR showed that cellulose diges-
tion followed first-order kinetics when tR was less than 30 h
(Fig. 4). Under these conditions, the concentration of cellu-
lose (rather than other medium components) limited the rate
of cellulose digestion. It is unlikely that nutrients other than
cellulose limited cellulose digestion at longer tRs, because
the media used throughout all our experiments were identi-
cal, except that the ruminal fluids varied both within and
among runs because samples were collected on different
dates. Nevertheless, systematic variation in C/C, rather
than the random variation expected from random changes in
ruminal fluid composition, was observed. Moreover, dou-
bling the ruminal fluid at a longer tR (D = 0.019 h-1, pH 6.59)
did not increase cellulose utilization.
Carbohydrate metabolism in several ruminal bacteria has

been shown to be influenced by growth rate (11, 21, 22).
Pettipher and Latham (22) have reported that with a decreas-
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FIG. 5. (A) Effect of D on the observed cell yield of R. flave-
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ing dilution rate, cellobiose-limited continuous culture of R.
flavefaciens displayed increased amounts of carboxymethyl-
cellulase and xylanase in culture supematants. These work-
ers suggested that these enzymes were escaping from cells as
a result of leakage or cell lysis rather than by active
secretion. Cellulases only function when in contact with
their macromolecular substrates. For R. flavefaciens grow-
ing on insoluble cellulose as the sole energy source, cellu-
lolytic enzymes that diffuse into the aqueous phase of the
culture are of little value in hydrolyzing cellulose, which is
completely covered with bacterial cells and their extensive
glycocalyx. If the proportion of cell-associated cellulase
decreases with decreasing growth rate, cellulose digestion at
a low D (low growth rate) may be limited not by the
concentration of cellulose but by the amount of enzyme at
the cellulose surface.
The decreased rate of cellulose digestion that we observed

at low Ds may also be due to reduced cellulase synthesis.
The predicted proportion of cellulose consumption devoted
to maintenance, calculable as mYID, increased with decreas-
ing growth rate. At pH 6.6, the proportion increased from
26% (tR = 16.67 h) to 55% (tR = 60 h) (Table 4). This
dramatic increase at low growth rates may lead to a change
of physiological status of organism and trigger regulatory
changes (e.g., reduced synthesis of cellulolytic enzymes)
that result in a decreased rate of cellulose digestion. How-
ever, hypotheses regarding the locations of cellulases and
their potential regulation by growth rate are difficult to test,
since enzyme activities within the glycocalyx are not readily
measurable.
Our data indicate that R flavefaciens FD-1 has a higher

growth yield and lower maintenance requirement than those
reported for R. albus (20). Within the optimum pH range for
growth (6.4 to 6.6), the predicted true growth yields and
maintenance requirements for R. flavefaciens are essentially

TABLE 4. Fraction of cellulose consumed for maintenance (m)
at different combinations of retention time and pH

Retention Fraction of cellulose used for ma at pH:
time (h) 6.2 6.6 7.0

16.67 0.216 0.255 0.190
20.00 0.260 0.278 0.193
30.00 0.315 0.346 0.237
40.00 0.416 0.415 0.300
50.00 0.470 0.483 0.372
60.00 0.520 0.551 0.447

a Calculated as mYID.
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constant. The reduction in observed and predicted cell yields
at nonoptimal pHs may be caused by (i) changes in cell
composition (which would cause errors in our estimate of
cell mass), (ii) changes in maintenance energy requirements,
or (iii) shifts in fermentation pathways causing variable
overall ATP yields (24). Since growth of these cultures is
limited by the rate of cellulose hydrolysis, appreciable
carbohydrate storage is unlikely. Thus, cell composition
would not be expected to vary to the extent required to
produce the large observed change in cell yield (Table 1 and
Fig. 5).
Reduced cell yields at lower pHs appear to be due to a

combination of increased maintenance energy requirements
and decreased true growth yields (i.e., reduced ATP yields
during catabolism). The former probably reflects the in-
creased energy required to maintain intracellular pH at
stronger transmembrane proton gradients, whereas the latter
is most likely due to shifts in catabolic pathways. Another
strain of R. flavefaciens (strain C) is known to synthesize
ATP via phosphoenolpyruvate carboxykinase during succi-
nate formation and via pyruvate kinase and acetate kinase
during acetate formation (10). It is not known whether any
strain of R. flavefaciens can also synthesize ATP in the
reduction of fumarate to succinate. If such were not the
case, then synthesis of succinate and acetate from C3 inter-
mediates would proceed with a different ATP yield. How-
ever, assignment of growth yield shifts in R. flavefaciens
FD-1 to changes in end product ratios will require a more
complete understanding of the catabolic pathways of this
strain.
Reduced cell yields were also observed and predicted at

pH values of .6.8. Because the Pirt plots of predicted 1/Y
versus tR were nonlinear, the resulting predicted values of Yg
and m are uncertain and the relative contributions of these
two components to cell yields cannot be assessed.

In general, most of the fermentation parameters that were
predicted well by the response surface equations showed
relatively little change with pH at low Ds (<0.03 h-1).
However, at higher Ds, these parameters generally showed
strong sensitivity to pH in both directions away from the pH
optimum. The extensive cellulose fermentation at near pH
6.0 by our cultures of R. flavefaciens suggests that ruminal
cellulose digestion may not be as pH sensitive as has been
suggested by other pure culture studies (26), although clearly
the organism does not grow at pH values below 5.9 (Fig. 1).
Although cellulose digestion by a single species of ruminal
cellulolytic bacterium in continuous culture cannot be di-
rectly extrapolated to the degradation of forage fiber by the
entire microbial population in a discontinuously fed rumen,
these pure-culture data might provide a general model for the
cellulolytic bacterial growth in the rumen, if the cellulose
fermentation characteristics of R. flavefaciens FD-1 are
similar to those of other ruminal cellulolytic bacteria.
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